The aims of respiration are to provide the body with oxygen and relieve it of carbon dioxide in the most efficient way possible. We seldom make a conscious effort to control our breathing yet our respiratory pattern always matches our requirements. Even in health, the rate and depth of breathing can vary enormously from person to person and within the same person at different times. For example, during strenuous exercise, the demands of the body for oxygen uptake and carbon dioxide elimination can be 10 times those during sleepl. Despite this, the body maintains levels of oxygen, carbon dioxide and arterial pH within a remarkably small range. Normal activities such as talking, eating and coughing also require specially coordinated patterns of breathing. For this to be possible a series of complex and incompletely understood control mechanisms exist to regulate ventilationl4. The failure of these mechanisms in some disease states can help us to appreciate the normal physiology more fully. Congenital central hypoventilation syndrome, a rare but important disorder of ventilatory control, provides us with some insight into the automatic and voluntary influences on breathing during both sleep and wakefulness. CONGENITAL CENTRAL HYPOVENTILATION SYNDROME Congenital central hypoventilation syndrome (CCHS) is a rare condition caused by a failure of the automatic control of breathing. Symptoms begin in infancy but there is a wide spectrum of severity ( Figure 1) . The most severely affec-ed children present early with inadequate or even absent respiratory effort within minutes or hours of birth. Others develop apnoeas later in infancy or have sleep disturbance and failure to thrive secondary to sleep hypoventilation. Milder cases can present late with signs of pulmonary hypertension due to chronic hypoxia. The diagnosis depends on persistent evidence of hypoventilation and hypercapnia (pC02 > 8kPa) during sleep in the absence of an underlying cardiac, pulmonary or neuromuscular cause5. Affected children show an inadequate ventilatory response to hypoxia and hypercarbia, especially during the phases of sleep where the automatic control of breathing is predominant5 6. Ventilation is also abnormal during wakefulness, although in mild cases children can compensate for this and may even be able to adjust their breathing to cope with exercise.
All affected children need long-term ventilatory support. Conventional positive pressure ventilation via a tracheostomy and negative extrathoracic pressure ventilation have been used successfully. More recently there has been a move towards less invasive techniques using nasal masks and nasal pillows. These are particularly successful when instituted early7'8. Phrenic nerve pacing is con-troversial9 and pharmacological respiratory stimulants are unhelpful9-1 1. Some children require ventilation during sleep only, others need assistance during both sleep and wakefulness. As children grow older their daytime ventilatory requirements may decrease. To avoid silent respiratory failure, close monitoring of all patients is essential, especially during intercurrent infections.
The prognosis is variable but over 70% of patients now survive into adulthood1 1. With the right support these children can grow normally and have a good quality of life. Many can attend mainstream school and participate in sport12 13. Nevertheless the disease places a great strain on families. The exact pathophysiology of CCHS is unknown. It may follow a prenatal insult to the brainstem alone but the frequent association of CCHS with other abnormalities ( Figure 2 ) suggests that the syndrome forms part of a wider Physiological studies have increased our understanding of CCHS, but to appreciate the significance of these we first need to consider the mechanisms that control breathing in healthy children.
THE NORMAL CONTROL OF BREATHING
The control of breathing relies on many separate neural pathways ( Figure 3 ). Although these communicate at several levels, the final integration of information occurs within the spinal cord. Above this level each pathway can operate independently. There are two main types of breathing, automatic and voluntary, each controlled by a separate neural pathway. Automatic breathing depends APCo2 * central chemoreceptors APO2 + ApHperipheral chemoreceptors mainly on the brainstem and on peripheral and central chemoreceptors. Voluntary breathing is mainly under cortical control. Patients with different neurological defects have been described who depend entirely on one pathway or the other. In CCHS the defect lies within the automatic pathway.
AUTOMATIC BREATHING Medulla
Automatic breathing is controlled primarily by the brainstem. Within the medulla lie two bilateral aggregates of neurons known as the dorsal and ventral respiratory groups (DRG and VRG). These receive afferent impulses from the brain, chemoreceptors and respiratory tract and relay efferent impulses to the lungs and respiratory muscles via the spinal cord. The DRG is dominant and contains the automatic rhythm generator. Neurons within the rhythm generator produce a continuous supply of impulses which stimulate breathing. The nature of this automaticity remains unclear. It is thought that neurons within the rhythm generator may form an unstable circuit which discharges periodically. Certainly, cells similar to the pacemaker cells in the heart have never been found within the brainstem. The rate of impulse production from the rhythm generator varies. It is influenced mainly by arterial oxygen and carbon dioxide tensions (via chemoreceptors) and by lung inflation (via mechano or stretch receptors).
Peripheral and central receptors
Arterial oxygen levels are monitored by peripheral chemoreceptors found in the carotid and aortic bodies. In man the aortic bodies serve little function and the carotid bodies are dominant, relaying information to the DRG via Figure 3 Normal control of breathing the glossopharyngeal nerves. Central chemoreceptors are not influenced by oxygen levels and it is the peripheral receptors alone that are responsible for the increase in ventilation seen in hypoxia.
In contrast, the ventilatory response to changes in arterial carbon dioxide tension and pH depends on both peripheral and central chemoreceptors. CO2 readily crosses the blood-brain barrier and a rise in arterial CO2 leads almost immediately to a rise of CO2 in cerebrospinal fluid (CSF). This stimulates central chemoreceptors on the surface of the medulla and results in an increase in the rate and depth of breathing. Peripheral chemoreceptors play only a minor role in the response to CO2.
A rapid change in arterial pH produces an almost instantaneous response from the peripheral chemoreceptors in the carotid bodies. The response from the central chemoreceptors is much slower since hydrogen ions do not pass rapidly across the blood-brain barrier and equilibration of blood and CSF pH takes 10-40 minutes1. The change in breathing pattern following an abrupt fall in arterial pH, such as during strenuous exercise, is therefore influenced primarily by peripheral chemoreceptors, with central chemoreceptors becoming important only in more sustained states of pH imbalance.
Receptors within the lungs
Three main types of receptor exist within the lungs and upper airways-stretch, irritant and C-receptors. These feed back information about lung inflation, airway tone and mechanical and chemical stimulation of the airways to the 15 rhythm generator via the vagus nerve .
The medullary rhythm generator integrates information from peripheral and central chemoreceptors and lung tissue receptors and so influences the rate and depth of breathing. Responses to hypoxia and hypercapnia therefore depend not only on normal receptor function but also on the correct interpretation and integration of signals by the rhythm generator. Children with CCHS are unable to produce an adequate ventilatory response to either hypoxia or hypercapnia. Early studies suggested that this was due to a defect in chemoreceptor function affecting both the central and peripheral chemoreceptors. More recent evidence suggests that receptor function is normal and that the defect lies in the integration of receptor signals within the medulla4,10'15'16 THE 
PONS
The pons does not itself stimulate ventilation but there are rich connections between the pontine nuclei and both the DRG and the VRG in the medulla. The pons contains two main areas that influence respiration-the pneumotaxic and the apneustic centres. The pneumotaxic centre in the upper pons fine tunes respiratory responses to hypoxia, hypercapnia and lung inflation. The apneustic centre in the lower pons contains an inhibitory mechanism which prevents unrestrained activity of the medullary inspiratory neurons. A failure of this mechanism leads to sustained inspiration (apneusis).
THE RETICULAR ACTIVATING SYSTEM
The reticular formation within the brainstem has many connections to the cerebral cortex, basal ganglia and spinal cord. Its function is incompletely understood but it contains the reticular activating system which is essential for the maintenance of normal consciousness, arousal responses and circadian rhythms17. During wakefulness the reticular activating system stimulates breathing. This activity is eliminated by light anaesthesia or deep sleep.
VOLUNTARY (CORTICAL) BREATHING
The contribution to breathing from the cerebral cortex should not be underestimated. The neural pathways involved in voluntary breathing are completely separate from those used in automatic breathing. Voluntary impulses bypass the DRG and travel straight from the cerebral cortex to the spinal cord where they have a direct effect on spinal motor neurons. This allows impulses from the cortex to override completely the rhythm generator and much of the other information received by the DRG. For example, it is possible for us to hold our breath or hyperventilate at will. More subtle ventilatory adjustments are seen in association with voluntary activities such as laughing or singing. For example, we can tolerate a much higher level of carbon dioxide during speech than we do at rest.
THE SPINAL CORD
One can imagine a situation where two independent pathways controlling ventilation could act in complete opposition to one another. Clearly this would be counterproductive and it is within the spinal cord that the automatic and voluntary pathways communicate. Within the white matter of the spinal cord lie the many distinct neuronal pathways that influence breathing. These carry information from the cerebral cortex, DRG and VRG. Some contain inspiratory neurons, others expiratory ones. Still others are involved in non-rhythmic reflexes such as cough and hiccough. Motor neurons within the brainstem and upper spinal cord receive and integrate information from all these pathways, using this to effect an appropriate response from the respiratory muscles. Signals are transmitted to the diaphragm via the phrenic nerves and to the intercostal muscles via the intercostal nerves. Simultaneous contraction of inspiratory and expiratory intercostal muscles is prevented by inhibitory neurons within the brainstem and cortex.
BREATHING DURING SLEEP
The mechanisms that control breathing during sleep are quite distinct from those that operate during wakefulness, yet they are similar in many ways. Sleep is not a continuum but is made up of a series of cycles with a periodicity of 50-60 minutes in infants and 90-120 minutes in adults18. Each cycle is divided into two distinct phases rapid eye movement (REM) and non-REM (quiet) sleep. Quiet sleep is further divided into four stages of progressively deepening sleep. REM sleep is divided into active (phasic) and inactive (tonic) phases.
Breathing during sleep is still influenced by both automatic and cortical impulses but the relative contributions from each vary throughout the sleep cycle (Table 1) . Overall patterns are similar in adults and children but there is a maturational effect and infants are much more susceptible to respiratory insufficiency during sleep than are adults4.
Infants sleep more than adults and a greater proportion of their time is spent in REM as opposed to non-REM sleep19. Unlike normal children and adults, almost all infants have periods of central apnoea during sleep4. Infants also have a mechanically less efficient thorax. The elastic recoil of the lungs is greater than the airway opening force provided by the highly compliant chest wall. There is therefore a tendency towards airway collapse in expiration. During wakefulness this is overcome by continuous tonic contractions of the inspiratory intercostal muscles. This phenomenon, known as respiratory braking4, is lost during REM sleep. The resultant paradoxical chest wall movement, together with an increased tendency to upper airway collapse and apnoea, renders young infants at greater risk of oxygen desaturation during REM sleep than at any other time.
Quiet (non-REM) sleep
The automatic rhythm generator plays a pivotal role in ensuring adequate ventilation during quiet sleep. However, the thresholds at which respiration is stimulated by changes in pCO2, pH and, to a lesser extent, P02 are reset. The rhythm generator allows us to tolerate a higher pCO2 and a lower P02 than we would during wakefulness. If these new thresholds are exceeded, an arousal mechanism causes us to wake and breathe more effectively. During the early stages (1 and 2) of quiet sleep the body fluctuates between sleep and wakefulness. As we fall asleep, our breathing becomes slower and shallower, our pCO2 rises and our P02 falls. However, we are still functioning on our waking arousal thresholds and as soon as our pCO2 starts to rise we wake up, increase our minute ventilation and reduce our pCO2 again. This pattern explains the periodic breathing seen in early sleep and repeats itself until the arousal thresholds are reset for sleep.
As we fall more deeply asleep (stages 3 and 4), cortical influences and impulses from the reticular activating system are lost. Arousal thresholds are set for sleep and breathing becomes more regular. Ventilation is now almost entirely dependent on the automatic rhythm generator alone.
REM sleep
Ventilatory control during REM sleep remains poorly understood. Breathing varies between periods of hyperventilation and periods of apnoea associated with hypercarbia and hypoxia. During tonic (inactive) REM sleep there is little muscle activity and breathing is probably controlled by a combination of automatic and cortical impulses. Phasic (active) REM sleep is associated with dreaming and with significant muscle activity. Breathing becomes erratic and is no longer influenced by changes in pCO2, 02 and pH. The automatic control of breathing is lost and cortical influences probably take over2'20.
Arousal responses
Arousal is the body's most important response to dangerous stimuli during sleep. These responses have been extensively studied, but no standardized definition of arousal has been formulated. Electroencephalographic, behavioural and movement criteria have been used. It is clear, however, that with enough stimulation most subjects will wake from sleep. Hypercapnia is the most potent chemical stimulus for arousal, with hypoxia playing a less important part. These responses are mediated via central and peripheral chemoreceptors. Arousal may also occur spontaneously or be caused by apnoea, gastro-oesophageal reflux or sound4.
Interestingly, although hypercarbia does not increase ventilatory drive in children with CCHS it will cause them to wake from sleep. Their respiratory rate may also decrease in response to hyperoxia1 6. This suggests that children with CCHS are able to sense changes in carbon dioxide and oxygen tensions and must therefore have some chemoreceptor function. CONCLUSION The control of breathing, in both health and disease, is complex. CCHS can be viewed as an experiment of nature that offers us an insight into the different mechanisms which control breathing. In health, two independent pathways, automatic and voluntary, exist to control ventilation. These work together to enable us to adjust our respiratory pattern to cope with a huge variety of different circumstances. Normal breathing relies on the functional integrity of both pathways and if one pathway fails normal respiration cannot be maintained. Children with CCHS have a defect in their automatic control pathway. They have respiratory difficulties during both sleep and wakefulness, but it is characteristically during deep sleep, when ventilation is purely under automatic control, that their hypoventilation is most pronounced. The breathing patterns of children with CCHS during REM sleep have not been extensively studied but respiratory difficulties will probably arise mainly during the phases of REM sleep where the automatic control of breathing is predominant. Children with CCHS may therefore provide us with an opportunity to further our understanding of the relative contributions to breathing from the automatic and voluntary control pathways during REM sleep.
The automatic control of breathing relies on communication between a functioning brainstem and normal chemoreceptors. Imaging of children with CCHS reveals no structural abnormality of the brainstem. Early research in these children suggested that the basic defect was abnormal peripheral and central chemoreceptor responses to hypoxia and hypercarbia. However, children with CCHS reduce their respiratory rate in response to hyperoxia and show arousal responses to hypercarbia. More recent research suggests that the receptors themselves may be normal and that the defect lies within the medulla, where the receptor signals are integrated.
